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INTRODUCTION
Ionizing radiation (IR) exposure is an important potential risk in the space missions 1) as well as microgravity, and IRinduced learning impairment has been reported in mammals. 2, 3) We have studied the effects of IR on the functions in the nervous system, and previously found the modulatory effects of IR on salt chemotaxis learning in Caenorhabditis elegans. 4) C. elegans exhibited IR-induced further decrease of chemotaxis in salt chemotaxis learning performance, along with normal chemotaxis toward benzaldehyde. 4) However, little is known about the effects of IR on the functional interactions in the nervous system. Recently, a trade-off relationship has been reported between locomotion and learning behavior, by using a Caenorhabditis elegans mutant with intrinsic oxidative stress. 5) The relationship with locomotion may offer valuable information with regard to IR-induced effects on the interaction between various functions of the nervous system. Therefore, in the present study, we investigated the effects of acute γ-ray exposure on the relationship between locomotion and salt chemotaxis learning behavior.
C. elegans has a simple mature nervous system consisting of 302 neurons, 6) and well-characterized behavioral responses and learning paradigms. 7) This organism is, therefore, an attractive model for analyzing the effects of IR on the functions of the nervous system. The locomotion of C. elegans post-irradiation was evaluated by counting the number of body bends per 20 s, 8) and compared with the previously obtained data for salt chemotaxis learning behavior. 4) In the salt chemotaxis learning paradigm in C. elegans, 9) a decrease in the chemotaxis toward NaCl was observed only after a combined experience of starvation and exposure to NaCl. Here, we demonstrate the effects of IR on the relationship between locomotion and salt chemotaxis learning. The present study may provide a basic insight into the functional interactions in the nervous system following IR exposure.
MATERIALS AND METHODS

Strain and culture
We used wild-type C. elegans strain N2 and Escherichia coli OP50 strain that were obtained from the Caenorhabditis Genetics Center (CGC). Animals were grown on a plate containing 10 ml of nematode growth medium (NGM) agar and spread with the E. coli. 10) Well-fed adults were used in all experiments.
Sample preparations and irradiation with γ-rays
Well-fed adults were rinsed and collected from the NGM plates and washed four times with a wash buffer. 9) They were placed on the different conditioning plates depending on the assays they were subjected to (Fig. 1) . Following the transfer of the animals onto the plates, excess fluids were absorbed with Kimwipes (CRECIA, Tokyo, Japan), and the plates were sealed with Parafilm (Pechiney Plastic Packaging, Chicago, IL). Animals do not show the salt chemotaxis learning performance on the mock-plates (food-/NaCl-) which were 6 cm Petri dishes containing 10 ml agar (5 mM KPO4 [pH 6.0], 1 mM CaCl2, 1 mM MgSO4, and 1.7% agar) (Fig. 1a) . pH of KPO4 was adjusted with KOH. A background of 100 mM potassium is known not to affect chemotaxis to NaCl.
11) These mock-plates were used for prelearning irradiation. For salt chemotaxis learning, animals were placed on the NaCl-plates (food-/NaCl+) containing 50 mM NaCl in addition to the mock-agar (Fig. 1) .
Animals on the conditioning plates were exposed to 60 Co γ-rays (32 Gy/min) at room temperature, and incubated at 20°C, as previously described. 4) In all the experiments, the control animals were sham manipulated and handled in parallel with the test animals, except that they were not γ-irradiated. Exposed animals were subjected to the locomotion assay on the irradiated plates, or transferred to the chemotaxis assay plates to measure their chemotaxis toward NaCl (Fig. 1 ).
Locomotion and chemotaxis assays
Locomotion was evaluated as the average number of body bends in 10 animals at 20-s intervals at 5 min or more after animals were transferred onto the assay plate ( Fig. 1 ). 8) Chemotaxis toward NaCl was measured using the method of Saeki et al. 9) with some modifications. A population assay was performed on triplicate 6-cm Petri dishes containing 10 ml of assay agar (5 mM KPO 4 [pH 6.0], 1 mM CaCl 2 , 1 mM MgSO 4 , 2% agar) with a gradient of NaCl concentration. 4) The NaCl gradient was created by setting a cylindrical agar plug (having the same composition as the assay agar, except for 100 mM NaCl) at a point 2 cm away from the center with overnight incubation ("Test spot" in Fig. 1 ). The control spot with a low concentration of NaCl is 4 cm away from the test spot (Fig. 1) . The agar plug was removed before the assay, and 1 μl of 0.5 M NaN 3 was spotted at both spots. The conditioned and exposed animals (~100) collected from conditioned and irradiated plates were placed between the test and control spots. The animals that reached the test or control spot were paralyzed with NaN3. At 15 min after allowing chemotaxis at 20°C, animals were chilled to 4°C to fix the positions of all animals on the assay plates. The number of animals within 1.5 cm of each spot (test or control spot area) and the other areas was counted. The chemotaxis index (CI) was calculated as ["T (number of animals in the test spot area)" -"C (number of animals in the control spot area)"] / (total number of animals on the assay plate).
Statistical analyses
All values in the figures and text are shown as mean ± SEM. The variation between data sets was tested with ANOVA, and the significance was tested with unpaired t tests, with a Bonferroni modification for multicomparison of data. Differences were considered significant when p was < 0.05. The SYSTAT software (Systat Software Inc., California, USA) was used for statistical analyses. The regression curve was calculated using the OriginPro software (OriginLab corp., Massachusetts, USA), and the p-value of the regression analysis was evaluated using Fisher's z-transformation.
RESULTS
Decreases in chemotaxis and locomotion following NaCl-conditioning
NaCl-conditioning for the salt-chemotaxis learning, in which C. elegans experiences starvation and simultaneous exposure to NaCl on the NaCl-plates (Fig. 1) , induced a decrease in the chemotaxis to NaCl (Fig. 2a) . Mockconditioned animals displayed no decrease in the chemotaxis to NaCl (Fig. 2a) . To test whether NaCl-conditioning alters locomotion of C. elegans, locomotion was assessed in NaCl-and mock-conditioned animals. At 2 h after the start of conditioning, locomotion decreased in NaCl-conditioned animals, but not in mock-conditioned animals (Fig. 2b) . Together, NaCl-conditioning for the salt chemotaxis learning induces a decrease in locomotion as well as chemotaxis.
Dose response of locomotion following irradiation and the relationship with chemotaxis on mock-conditioned animals
We first examined the locomotion of animals on the mock-plates following γ-irradiation. Locomotion significantly decreased in a dose-dependent manner (Fig. 3a) . In addition, locomotion of exposed animals increased along with the post-irradiation time, and the significant difference between irradiated and non-irradiated animals disappeared (Fig. 3b) . Second, to test whether locomotion is directly related to chemotaxis to NaCl, we evaluated the chemotaxis of mock-conditioned animals following γ-irradiation. We observed no significant changes in the chemotaxis of exposed and mock-conditioned animals (Fig. 3c) . These results indicate that the alteration of locomotion is not directly related to chemotaxis to NaCl.
Pre-learning irradiation effects on locomotion and the consequence of the salt chemotaxis learning
To investigate the relationship between pre-learning effects of IR on locomotion and the salt chemotaxis learning, animals exposed to γ-rays on the mock-plates were subjected to a 4 h learning conditioning on the NaCl-plates (NaClconditioning). Salt chemotaxis learning was evaluated by the difference between the CIs before and 4 h after the NaClconditioning (learning index). A significant decline of the salt chemotaxis learning was observed at the dose of 992 ± 40 Gy (Fig. 4a) . The relationship between the pre-learning irradiation effects on locomotion and the salt chemotaxis learning is shown in Fig. 4b . The relationship showed statistical significance (p = 0.025).
Relationship between locomotion and chemotaxis during the learning conditioning
We previously found that the salt chemotaxis learning performance was changed, following γ-ray exposure during the learning conditioning. 4) Here, the relationship between locomotion and chemotaxis of similarly conditioned animals was examined. Following irradiation, the locomotion and CI of the irradiated animals immediately decreased in a dosedependent fashion, while those in the sham-irradiated animals decreased gradually ( Fig. 5a and 5b) . At 5 h after irradiation, there was no significant difference in the locomotion and CI between the sham-irradiated and irradiated animals, except at the highest dose ( Fig. 5a and 5b ). Fig. 5c shows the relationship between locomotion and CI following γ-ray exposure during the learning conditioning. Locomotion was significantly (p = 0.037) and positively correlated with CI, which is related to the salt chemotaxis learning ("All" in the Table 1) . A dose-dependent decrease in the correlation coefficient and an increase in p values demonstrated that the correlation disappeared as the doses were increased (Table 1) . These results indicate that IR affects the functional relationship between locomotion and chemotaxis 
DISCUSSION
To examine the effects of IR on the functional relationships in the nervous system of C. elegans, we analyzed locomotion 8) and salt chemotaxis learning behavior. 4, 9) We found that pre-learning irradiation effects on locomotion were significantly correlated with the salt chemotaxis learning ability (Fig. 4b) , but locomotion was not directly related to chemotaxis to NaCl (Fig. 3b and 3c ). In addition, IR affected the relationship between locomotion and chemotaxis during the learning conditioning (Fig. 5c) . These results suggest that locomotion does not directly regulate salt chemotaxis learning behavior, but is indirectly correlated with the salt chemotaxis learning behavior. Taken together, we propose a schematic model of IR-induced effects on the relationship between locomotion and the salt chemotaxis learning behavior (Fig. 6) .
The radiation dose used in the present study was higher than those typically used to study behavioral responses in mammals (0.5-10 Gy, that is the sublethal dose for mammals). In addition, the arrest of germ cell proliferation occurred in L4 larvae exposed to 60-100 Gy of carbon ions, 12) and abnormal vulval phenotypes were induced by X- ray irradiation of 100-400 Gy in the L2 larvae, 13) suggesting that abnormal morphological changes may be induced after irradiation. However, the tested doses, except for 1000 Gy, are sublethal for C. elegans on the motility, L4 larvae can reach the adult stage safely, 14) and exposed animals could move and show chemotaxis. We previously reported that γ-irradiation at a low dose rate (0.42 Gy/min) induced a significant change in chemotaxis, similar to the high dose rate (32 Gy/min). 4) Exposure to low doses of γ-rays might be expected to alter the functional interactions in the nervous system of C. elegans. Therefore, our findings with regard to high-dose-rate irradiation will be important for studies on IR-induced effects on the functional interactions in the nervous system.
We previously found that in C. elegans, chemotaxis toward benzaldehyde was normal and that IR modulated salt chemotaxis learning performance. 4) Here, we showed the effects of IR on the relationship between locomotion and the salt chemotaxis learning. A possible explanation for the coupling of locomotion and salt chemotaxis learning may be that alterations in locomotion could result by impaired sampling of the salt gradient in the anterior amphidial ASE neurons and induce less efficient orientation. In deed, amphid sensory neurons interact with head motor neurons in exploratory behavior. 15) However, the decrease of locomotion itself did not induce the decrease of chemotaxis to NaCl (Fig. 3b and 3c) , i.e. decreased chemotaxis was independent of impaired chemoattractant detection. Thus, the present study presents concrete evidence for IR-induced functional interactions in the nervous system, i.e. integration of parts of the nervous system. Our findings highlight the need for a study on these functional interactions following ionizing irradiation. A trade-off relationship has been proposed between locomotion and learning behavior in C. elegan 5) but the mechanism of coupling the motor neuron circuit with the salt chemotaxis circuit is still largely unknown. Our results show an indirect relationship between locomotion and the salt chemotaxis learning or chemotaxis. Thus, the relationship between locomotion and the other functions of the nervous system in C. elegans might be complicated and further studies are required for its elucidation.
In conclusion, our studies have shown that exposure to IR resulted in a dose-dependent decrease in the correlation between locomotion and learning behavior in C. elegans. In addition, we proved that the change of chemotaxis did not directly depend on the IR-induced decrease in locomotion. The integration circuit for chemosensation in which locomotion is affected is likely to be altered by IR exposure. This is the first study to observe the effect of IR on the functional interactions in the C. elegans nervous system.
